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Abstract
In many jurisdictions, commercial and industrial (C&I) customers are charged for their
energy consumption as well as the power drawn from the grid at peak load hours. In
Ontario, the demand-based charge component of the electricity cost has been skyrocket-
ing, and this cost often accounts for a significant portion of the overall operating cost of
large customers. The Ontario Government in 2010 launched the Industrial Conservation
Initiative (ICI) program which requires large customers (Class A) to pay a Global Ad-
justment (GA) charge, based on their percentage contribution in load during the top five
system peak load hours over a one-year base period. This offers enormous savings opportu-
nity to many industrial customers by using strategies to reduce or offset their load during
these system peak load hours. However, managing demand can be challenging when faced
with production constraints in areas of high-energy sensitive production lines where short
interruptions are not permitted. Energy Storage System (ESS) offers the customer the ca-
pability to carry out its usual operations while simultaneously saving on the electricity bill
through demand reduction. ESS can provide electricity to the facility during system peak
periods to reduce the power drawn from the grid, while during non-peak price periods, the
ESS is recharged by harnessing the low-cost power.
In this work, a detailed operations model of behind-the-meter Small Scale Compressed
Air Energy Storage (SS-CAES) is developed for an industrial customer, with an existing
well/cavern that can be re-purposed for air storage. The developed optimization model
manages the operation of the CAES facility to minimize electricity costs, determining the
storage energy output and the corresponding charging and discharging decisions of the
SS-CAES system. Furthermore, a detailed economic analysis is carried out to examine
financial viability of a practical behind-the-meter SS-CAES project. Some key parameters
such as life cycle, CAES capacity and capital cost, and electricity price are considered for
carrying out a sensitivity analysis, and the results suggest that SS-CAES is economically
viable in the current Ontario rate structure. It is shown that the cost of an SS-CAES
project and GA charges are the key determining factors for economic deployment of SS-
CAES in Ontario.
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Chapter 1
Introduction
1.1 Motivation
Commercial and Industrial (C&I) customers in many jurisdictions are not only charged for
their energy consumption but also for the power they draw from the grid at peak hours [1,2].
For this category of customers, electricity prices have been skyrocketing, and this cost
often represents a significant part of their overall operating budget, as in the case of many
businesses in Ontario [1]. This rising price of electricity can be attributed to the Global
Adjustment (GA) which is a charge imposed on the customers in Ontario since 2005 to
cover the difference between the wholesale electricity market price and the electricity tariff
rate paid to regulated and contracted generators, and to pay for conservation and demand
management programs [3]. Since its inception, GA has been increasing significantly, as can
be seen from Figure 1.1 [3].
The Industrial Conservation Initiative (ICI), which was introduced in 2010 by the
Government of Ontario, requires large customers (Class A) to pay the GA charge based on
their percentage contribution in load during the top five Ontario system peak load hours
over a 12-month base period (May 1 to April 30) of the previous year [3]. This presents
an enormous savings opportunity for many industrial customers by employing strategies
to reduce or offset their load during these peak hours. While curtailing production during
the system peak hours could save the customer a significant amount of the electricity cost,
the challenge for the customer lies in balancing its monetary gain from load reduction at
peak hours vis-a-vis the disruptive effect on its production.
As shown in Figure 1.1, the GA is continuing to increase year over year [4], and hence,
managing the GA charge has become an increased priority for Class A customers. Many of
1
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Figure 1.1: Ontario GA [3].
them are currently exploring innovative, energy-saving solutions; however, just how viable
some of these techniques are, and at what cost would a budget-minded risk-averse business
owner feel confident enough to take the leap, remains to be investigated. Some of the
strategies that large customers can adopt towards reducing their load demand during the
system peak hours and hence the electricity cost include [4]:
• Direct production curtailment
• Non-production baseload conservation and demand management
• Load-displacement through onsite generation
• Behind-the-Meter Energy Storage System (ESS)
For example, in Ontario, reducing the electricity demand during the five coincident
peak (5cp) hours is often considered the most effective strategy, given the modest number
of hours upon which the ICI program is based. However, direct production curtailment
for the purpose of demand reduction would impact production, or result in not cutting
enough load and missing the peak. Managing the demand can be challenging when faced
with production constraints in areas of high energy sensitive production lines where short
interruptions are not permitted. Utilizing back-up generators to reduce the demand is
2
not a new idea; however, the customer must consider the extra expense of running the
generators during peak hours and its impact on the environment and associated costs.
ESS is a not-so-new technology and is making waves as a promising option for load
management when installed on the customer’s facility to reduce electricity cost. The ESS
can provide electricity to the facility during peak price periods to reduce the power drawn
from the grid, while during non-peak price periods, the ESS would be recharged by har-
nessing the low-cost power. Battery energy storage (BES) is the dominating technology
in the context of usage of behind-the-meter ESS for electricity cost savings [5]. Other
technologies such as Compressed Air Energy Storage (CAES) have rarely been considered
a viable option because of their location dependency and large capital cost for small scale
installations [6]. However, CAES technology is a matured storage technology that has
found applications at the grid scale level, and many researchers have reported that the
capital cost of CAES decreases reasonably when empty wells/caverns exist that can be re-
purposed for air storage [7]. Hence, investigating the feasibility and economic viability of
Small Scale CAES (SS-CAES) for an industrial facility with available empty wells/caverns
for air storage, to defray the high peak-power electricity prices of Ontario, is the focus of
this research work.
1.2 Literature Review
A brief and critical review of the literature pertaining to CAES applications and customer’s
load management is presented next.
1.2.1 Compressed Air Energy Storage Applications
CAES is one of the most promising and matured electrical energy storage technologies and
has scope for extensive applications due to its favourable technological characteristics such
as fast response capability, low cost, long service life, and low environmental impact [8,9].
CAES, just like any other storage technology, can be sited at the transmission system
level, the distribution system level, or behind the customer’s meter. Although CAES has
received attention in recent years, in order to support their investment and deployment,
investors and policy makers need an in-depth understanding of viable potential application
of CAES technology. These are generally two-fold [10] :
• Utility scale for energy arbitrage, load balancing, smoothening the fluctuations arising
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from renewable energy sources, peak load shifting, emergency supply, and provision
for black start in a power blackout situation.
• Behind the meter at the end-user side, for regulating the electricity drawn from the
grid and hence to minimize their electricity cost, and enhance power quality and
reliability.
Most of the early literature on CAES is centered on the technical description of CAES
plant design for load leveling and fuel saving applications in combination with nuclear
and coal-fired base load power plants [11–14]. The various potential applications of CAES
systems are presented and discussed in [10, 15–18]. CAES plants are designed to sustain
frequent start-up/shut-down cycles, respond quickly and operate at part load levels with
minimal performance penalties and thus are well-suited for regulation and load following
[19]. Another significant use of CAES is energy arbitrage, which involves charging during
the off-peak hours when prices are low, and then discharging when prices are high.
The authors in [20] carry out an extensive economic analysis of CAES and other ESS
technologies based on their arbitrage potential in real-time US electricity markets, showing
that, of all the ESSs, Pumped Hydro Storage (PHS) and CAES have the greatest potential
for price arbitrage, and the return on investment is most impacted from reduction in the
capital cost of PHS and CAES. The arbitrage value of ESS in the PJM market of USA
is estimated in [21], noting that the decrease in the average price spread of energy with
increasing penetration of renewable energy or ESS may lead to a decline of the arbitrage
value of storage. As an alternative, different papers suggested complementing the arbitrage
revenue stream with revenues from “additional” services as a crucial condition for CAES to
achieve and maintain profitability [19,22]. In [23], a co-optimized CAES dispatch model is
presented that quantifies the CAES potential in providing arbitrage, in addition to reserve
services, in several US markets showing that only arbitrage-based revenues are unlikely
to support CAES investment in most markets, but adding reserve revenues could support
conventional CAES investments in several markets.
With increasing penetration of renewable energy (RE), CAES has been considered as a
useful resource for facilitating RE integration into the power system. Thus researchers in
[24] examines the technical development and financial plausibility of an advanced adiabatic
CAES (AA-CAES) for wind energy integration in various European countries, and reports
that the economic value of an AA-CAES increases significantly with increasing penetration
of wind-power. A review of a large-scale CAES and wind hybrid energy system conducted
in [25] demonstrates that CAES gave better performance in providing invariable dynamic
4
wind power to the grid even at low wind speed compared to Flywheel Energy Storage
(FES) system, and Superconducting Magnetic Energy Storage (SMES) system, etc.
Due to the proven technical advantages demonstrated by the large-scale CAES facilities
in Germany and USA, researchers in [8, 26–29] proposes and investigates different hybrid
configuration of renewable-diesel-CAES systems. The focus of these works are mainly on
the design, control strategies and technical feasibility of pairing CAES with other energy
sources to compensate for the challenges associated with renewable and diesel energy sup-
ply. In [8], for example, a hybrid wind-diesel-CAES system deployed in a microgrid to
supply a remote area in Canada is examined; small and medium scale CAES are consid-
ered, and by estimating the fuel consumption, greenhouse gas emissions and maintenance
cost of diesel engines for different scenarios, it is noted that a wind-diesel-CAES hybrid
system presents a significant potential for cost minimization and improved reliability of
the microgrid.
Other use-cases of CAES at utility scale include transmission and distribution upgrade
deferral and congestion relief. Thus in [30, 31], the costs and benefits of deploying ESS
for network investment cost reduction is explored by developing a transmission expansion
model that incorporates ESS. The proposed model is applied to different test systems,
and the results for all the test cases show that reduction of network investment cost is
achievable by deploying ESS for the range of energy capacity considered.
At the end-user side, CAES technology is gaining significant interest among C&I busi-
nesses as back-up power, on site renewable integration, and cost-effective solution to reduce
the energy drawn from the grid and save on electricity costs. With today’s evolving rate
structures, falling price of solar and incentive programs, this market is forecast to grow
rapidly [32], with SS-CAES being a potential resource in this context. Yet, some studies
argue that CAES is not suitable for small scale application due to the sheer size of the
installations and the associated costs [6]. Nevertheless, interest in SS-CAES is growing,
with very few studies examining the techno-economic feasibility of such projects.
Although the use of CAES is not yet widespread, a significant amount of research
works have analyzed its design, potential applications and economic viability for large-
scale applications. At the small-scale level, although there are several reported works on
the design and modelling of CAES, works on the techno-economic feasibility are limited
and therefore requires further attention and thus is the focus of the potential work.
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1.2.2 Load Management of Customers
In most utilities, C&I customers are charged for both the energy they consume (kWh)
and the load they impose on the utility during a billing period (kW demand). Such load
contribution of the customer is generally determined by their percentage contribution to
the system peak load, which are indicators for the utilities on the required capacity to meet
the demand. For a large C&I customer, a demand charge based on its demand coincident
with the system peak demand can account for up to 50% of its monthly electricity bill [1];
a load management strategy is therefore of utmost importance to save on the electricity
bill.
Load management of a customer encompasses schemes used to reduce its consumption
during the system peak load hours. Strategies like charging of ESS units during off-peak
periods for use during system peak hours, priority load scheduling to avoid large loads
running simultaneously, rescheduling of processes, and use of own power production have
been reported in [33] as the most common strategies of customer load management. System
peak load reduction is beneficial to both the utility and the end-user [5,33] and as such is
becoming an important area of active research, thus motivating the work present here.
Use of local storage for peak shaving has been proposed as an alternative to C&I
customer’s load management, especially where load curtailment poses a threat to the pro-
duction line. In [34], BES is used to reduce the energy cost and hence the peak demand
of the customer. A novel peak shaving scheduling problem is formulated in [2] using an
optimal oﬄine and a heuristic online algorithm to dispatch lossless and lossy batteries for
peak reduction. By combining BES, smart meter and demand response (DR), the authors
in [35] shift the load and smoothe the peak on a distribution feeder in New Mexico.
Optimum operation is a key challenge in peak shaving using ESS strategy, and to
address this many studies have been carried out on the optimum operation of ESS. A
control technique for BES state of charge (SOC) is developed in [36] by setting a demand
limit, the ESS is charged when the demand is less than the demand limit and discharged
when the demand is greater. A similar study on scheduling BES by setting demand limits
for discharging of BES can be found in [37], keeping the charging times fixed night when
the energy demand is low. A simple algorithm to control the BES SOC in real time is
proposed in [38], while an adaptive control algorithm to manage the optimum operation
of BES is presented in [39].
Optimal sizing of ESS is important to maximize a customer’s return on investment
and minimize the system losses. In view of this, the authors in [39] propose a novel ESS
sizing method to obtain the optimum size of energy storage for C&I customers, based on
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their historical load profile. Researchers in [34] propose the “Extrema” method to find the
optimum size of BES for providing peak shaving services, where the objective function is
calculated for a set of input values to optimize the size of BES. A model of BES sizing for
peak load shaving based on a rolling method is propose in [40]; first, the energy capacity
required to meet daily peak based on forecast daily load curve is evaluated, then the
optimized size of BES is determined based on the evaluated result.
As high capital cost constitutes a major practical barrier for implementing ESS, many
research works have studied the economic benefits of peak shaving, particularly for the
consumer and the utility. From the customers’ perspective, ESS used for peak shaving
allows the customer to save on their electricity bill and carry out their daily activities si-
multaneously [5]. A mixed integer nonlinear programming (MINLP) model for minimizing
the electricity cost and reducing the peak demand by rescheduling the loads, while satis-
fying the facilities operating constraints, is proposed in [41]; the case study of a typical
caustic-chlorine plant shows that a reduction of about 19% in the peak demand, with a
corresponding saving of about 3.9% in electricity costs is possible with the optimal load
scheduling under time-of-use (TOU) tariff. In [42], an economic analysis of behind-the-
meter ESS is presented, formulating first a non-linear optimization problem to find the
optimal operating scheme for ESS to minimize the monthly electricity cost of the cus-
tomer; the problem is then transformed to a linear programming (LP) problem using the
minimax technique, and case studies for customers in San Francisco were conducted. The
results show that ESS can significantly reduce electricity costs by peak shaving and load
shifting for the commercial customer, and by storing excess renewable energy for the res-
idential customer. Optimal benefit and sizing of BES for behind-the-meter applications
are evaluated in [32], in which the cost of energy and peak demand charge reduction for
commercial buildings are co-optimized. In [43], an optimal demand charge management
for TOU customers using ESS is discussed. The study in [44], performs a cost-benefit anal-
ysis for an industrial customer in South Korea that, uses ESS for peak reduction; Actual
demand profiles of the industry are used to verify the effectiveness of the proposed ESS
operation and estimate the savings in electricity costs.
The main advantage of a behind-the-meter ESS over other peak shaving strategies
is that the customer is able to carry out its usual daily activities while simultaneously
saving on the electricity bill through demand reduction. Among the various ESS, BES
technology is the dominating choice for peak shaving application [5]. Consequently, there
is a knowledge gap filled here in the domain of feasibility and economic analysis of other
storage technologies like SS-CAES, and how it compares with BES for customer load
management.
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1.3 Research Objectives
From the aforementioned literature review, it is noted that peak demand based rate struc-
tures, adopted by many utilities, calls for load management strategies to enable large C&I
customers save on electricity costs. An ESS located on a customer’s facility, has been iden-
tified as one of the viable options for managing its load, especially in high energy intensive
industries where power interruptions can be costly. However, since most of the works re-
ported in this area focus on BES technology [5], there is a need to study the application
of other ESS technologies as an alternative option.
Although SS-CAES can serve the purpose of customer’s load management, most of
the research works have focused on using above-ground storage vessels. Underground
storage based SS-CAES is technically feasible, but not much work has been devoted to
their economic viability, especially in the context of re-purposing an existing underground
storage well/cavern, which can result in a significant reduction in capital costs [7]. Coupling
this with the possible savings in cost of electricity in Ontario, SS-CAES is studies here a
possible option for load management in an industrial facility with an existing well for air
storage. In view of this, the objectives of this thesis are as follows:
• Develop a mathematical model for the coordinated operation of an industrial cus-
tomer’s facility equipped with a behind-the-meter SS-CAES. The optimization prob-
lem will seek to determine the minimum electricity cost operation, the storage energy
output and corresponding charging and discharging decisions of the SS-CAES unit
over the planning horizon.
• Perform a detailed economic analysis of different behind-the-meter SS-CAES system
capacities to determine the optimal SS-CAES capacity that meets the investor’s
minimum acceptable rate of return.
• Perform a sensitivity analysis of the interactions between financial viability of SS-
CAES project and some key parameters influencing the project performance (life
cycles, energy, and power prices).
1.4 Outline of the Thesis
The background required for the development of the research work is presented in Chap-
ter 2. A detailed operational model of SS-CAES installed at customer’s facility for load
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management is developed in Chapter 3; presenting and discussing the optimal operation
results obtained.
To evaluate the financial plausibility of an SS-CAES project to an investor, an eco-
nomic model is developed in Chapter 4. The developed model is subjected to a sensitivity
analysis, and the detailed results are presented and discussed. Finally, in Chapter 5, the
summary and conclusions from the research work are presented while highlighting the main
contributions of the research. Future research directions are also discussed in this chapter.
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Chapter 2
Background
This chapter presents a brief overview of some of the background topics pertaining to
the research in this thesis. First a general overview of ESS including the various types,
components and applications at different levels in the power system is presented. Then, an
overview of CAES systems, highlighting its main components, operating principles and use
cases are discussed, followed by a brief overview of SS-CAES. Finally, electricity pricing in
Ontario is discussed, providing details on the prevailing GA charges.
2.1 Energy Storage System Overview
The fundamental premise of ESS involves converting one type of energy (mainly electrical
energy) into another, for the purpose of storage [45]. This stored energy is then reconverted
into electrical energy for use when demand arises. An ESS, as depicted in Figure 2.1,
commonly comprises four major components, which includes the following [46]:
• Storage Medium: This is a means or system in which energy is stored such as battery,
CAES reservoir, flywheel or reservoir for pumped hydro systems. It sets the basic
storage capacity limits.
• Charging System: Flow of energy from the electrical network to the storage medium
occurs through this system. For example, in the CAES system, a compressor is driven
by electricity to compress air for storage.
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• Discharging System: This system converts the stored energy to a readily usable
form when demanded. The quality and quantity of power provided by the ESS
is determined by this component. For a conventional CAES system, the expander
performs this function.
• Control System: The entire operation of the ESS is coordinated by this system.
 
Discharging 
System 
Monitoring 
and Control 
Storage 
Charging 
System 
 
Grid 
Figure 2.1: Basic components of a typical ESS [46].
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2.1.1 Classification of Energy Storage Systems
Several methods have been suggested for categorization of various ESS technologies: form
of energy stored, functions of the storage, duration of storage, and response time. The
form and function are the most widely used methods [45,47] for ESS classification.
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Figure 2.2: Classification of ESS technologies by form of stored energy [47].
Figure 2.2 shows the categorization of ESS in terms of form of energy stored in the
system. A detailed description of each type of ESS is presented in [45,47]. In terms of their
function, ESS can be categorized into those with high power ratings but relatively small
energy content, making them appropriate for power quality and reliability applications;
and those intended for energy management [45]. Figure 2.3 illustrates the ESS categories
in terms of the functions.
Selection of an appropriate technology requires a critical analysis of the fundamental
features of the storage systems to establish a reasonable comparison criteria. The discharge
duration, power and energy densities, and cycle efficiency are some of the characteristics of
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Figure 2.3: Classification of ESS technologies by functions [47].
storage devices that may be used as helpful metrics in selecting the most suitable storage
systems to be adopted for a particular use [45,47]. For example, some grid management ap-
plications such as frequency regulation and load levelling, typically demands fast response
times of the order of fractions of seconds which are suitable for flywheel and supercapacitor
storage. Bulk power management on the other hand may require longer discharge duration
of the order of hours with pumped-hydro and CAES offering these capabilities [48].
Aside from technical characteristics, capital cost of storage is another key factor for
determining the viability and acceptance of storage deployment. The capital costs of the
storage systems can be calculated in various ways, which include energy cost($/kWh),
power cost ($/kW), and cost per cycle ¢/kWh/cycle. In terms of energy cost, CAES is
the cheapest among the developed storage technologies for large-scale applications, with a
capital cost of $2-50/kWh [45].
2.1.2 Applications of Energy Storage Systems
ESS provides electrical grid with numerous beneficial services and cost reduction, and com-
panies are deploying storage technologies for various purposes. The conventional electricity
network links the following: fuel/energy source, generation, transmission, distribution, and
customer-side [45, 49], and ESS technologies being projected to play a significant role for
all these in the near future. Large scale ESS enables modern electrical devices to oper-
ate significantly more efficiently, resulting in lower prices, less emission and more reliable
power [16]. ESS can also be sited behind the meter at the customer’s facility to serve
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various purposes, such as for managing peak load to save on electricity cost and for re-
silience. ESS is equally useful with the widespread deployment of RE resources which are
intermittent in nature, producing energy when the sun is shining and the wind is blowing.
By time shifting the energy from RE sources using ESS, clean technologies can supply
reliable power throughout out the day [16,19,25,28].
RE integration and energy time shift are only two of the many applications of stor-
age, with ESS also enhancing power quality through frequency regulation, thus enabling
companies to generate power when it is cheapest and most efficient, while providing an
uninterrupted power source for critical infrastructure and services. Table 2.1 lists and de-
scribes the potential applications of energy storage at different levels of the power network
value chain.
2.2 Compressed Air Energy Storage (CAES)
2.2.1 CAES Overview
CAES is a type of storage technology that uses off-peak electric energy to compress the air
and store the compressed high-pressure air in a storage reservoir, which is then released
during the peak-load periods to drive a turbine generator to produce electricity. CAES
can use different reservoirs to store the compressed air, existing underground geological
formations such as salt mine and hard-rock formations, porous rock and saline aquifers or
depleted gas fields are ideally cost-effective storage mediums for large-scale CAES appli-
cation [10]. Studies have shown that high-pressure air can also be stored in aboveground
vessels or high-pressure piping (20–100 bars) [50], with this method eliminating the need
for geological consideration and making the system easier to operate.
The schematic diagram of a CAES system is illustrated in Figure 2.4, and ideally
consist of the following main components [10, 51]: compressors; expanders; air reservoirs;
combustor; motor/generator; controlling system; and other auxiliary equipment, such as
fuel tanks, pipe connection and so on.
There are two different modes of operation for a CAES plant, namely compression and
expansion and these modes can occur independently or simultaneously depending on the
plant type. In the compression mode, off-peak low-cost electricity is used to run a chain
of compressors which injects air into the reservoir at high pressure. The compressed air is
stored at the temperature of the surrounding formation and at a certain pressure, which
depends on the particular underground cavern chosen [51]. During the expansion stage, the
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Table 2.1: Potential Applications of Energy Storage Technologies [16]
Category Application Description
Electric Supply
Energy time-shift Store off-peak energy for resale at on-peak; store
energy that would otherwise be curtailed
Supply Capacity Provide peak generation capacity for electric power
system; defer investment in new capacity resources
Ancillary Services
Load Following Provide fast-responding resource to match genera-
tion to fluctuating load
Frequency
Regulation
Maintain the stability and accuracy of the system-
wide alternating current (AC) frequency within a
given control area
Reserve Capacity Provide reserve capacity should normal supply re-
sources unexpectedly become unavailable
Voltage Support Maintain voltage levels by injecting or absorbing
reactive power; service works best at distribution
level
Black Start Provide power up to re-energize the grid after a
grid-wide outage
Grid System
Congestion Relief Avoid congestion-related cost and charges associ-
ated with inadequate transmission facilities
Upgrade deferral Defer or avoid need for transmission or distribution
system upgrades
Substation
back-up power
Supply back-up power to protection, communica-
tions and control equipment
End User
Time-of-use
cost management
Store off-peak energy to supply customer load dur-
ing the on-peak time-of-use rates
Demand charge
management
Discharge stored energy to reduce the customer’s
peak power and peak demand charges
Power reliability Use stored energy to ride through power outage
Power quality Protect on-site load from effects of short-term
power quality degradtion, such as voltage spikes,
dips or sags
Renewable
self-consumption
Increase self-consumption of an on-site renewable
generation
RE Integration
Time-shift Store low-value energy generated by renwables at
off-peak times until it has a higher financial value
Capacity firming Mitigate variability by discharging stored energy
when the RE are not producing full power
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Figure 2.4: Basic components of a CAES system [47].
pressurized air is released from the reservoir and used to operate the gas turbine generator
which produces electricity.
Based on the compression and air expansion heat management, CAES plant designs are
categorized as shown in Figure 2.5. The compression heat is removed and dissipated during
compression in D-CAES (often referred to as “conventional” or “first generation” CAES)
and the air is heated during expansion [11,15,52]. Second-generation CAES is similar to the
first-generation, except for a modified design that uses air injection techniques to increase
efficiency to improve compression and/or expansion stages. In A-CAES, which is commonly
referred to as third generation CAES, the heat recovered during compression is stored and
reused during discharging [52,53]. Similar to A-CAES, Advanced A-CAES (AA-CAES) or
fuelless CAES stores the heat of compression as well as the cooled high-pressure air and
uses it to re-heat the air during the expansion process. Higher efficiencies and reduced
carbon emissions are the key advantages of AA-CAES, as there is no fuel consumption
required during generation. I-CAES is an evolving technology that tries to overcome some
of traditional (diabatic or adiabatic) CAES limitations [16,53]. In I-CAES, the compression
and expansion stages are carried out slowly to ensure that the air is maintained at an
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Diabatic Adiabatic Isothermal
I-CAESD-CAES
A-CAES with 
TES
A-CAES
without TES
Figure 2.5: Classification of CAES based on heat management.
approximately constant temperature by exchanging heat with the environment. I-CAES
design negates the need to store compression heat by certain secondary means (e.g. oil),
and if perfect heat transfer to the environment can be achieved, the theoretical efficiency of
isothermal CAES approaches 100 percent [10]; in practice, however, perfect thermodynamic
cycles can not be achieved as some heat loss occurs [10].
There are currently two D-CAES plants in commercial operation: one in Huntorf,
Germany, where a 290MW plant was built in 1978, and one in Alabama, USA, where a
110MW plant was built in 1991 [14, 52]. Both were primarily built for black-start and
peak shaving services. Many other demonstration CAES plants have been built or under
construction at different places [17]; for example, a 1.5 MW SC-CAES demonstration
project was designed by Macaoenergy (Bijie) Industrial Park Development Co. Ltd and
Institute of Engineering Thermophysics of the Chinese Academy of Sciences in 2013, and
the project has recorded 3000 hours of successful operation [52]. In November 2015, the
Independent Electricity System Operator (IESO) selected NRStor to complete a 1.75 MW
CAES project in a salt cavern in Goderich, Ontario [7], which will come into operation in
2019.
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2.2.2 Small-Scale Compressed Air Energy Storage (SS-CAES)
Most articles related to CAES focused on large-scale CAES plants for utility applications.
Nevertheless, it is of great interest to develop SS-CAES close to energy demand for many
end-use applications and other grid services where possible given the successful implemen-
tations of large-scale CAES. SS-CAES is in principle the same as large-scale CAES but on
a lower level of output power and provides a solution to the restrictive site requirements of
large-scale CAES, limiting thus far application to flexible artificial above ground storage
vessels [6], and is more applicable to distribution systems.
2.3 Electricity Pricing
2.3.1 Ontario Electricity Pricing
Over the past decade, C&I customers in Ontario have experienced a dramatic increase
in electricity costs. According to [1], industrial electricity rates increased by 16 percent
between 2013 and 2015 and, according to the data from a 2018 HydroQue´bec survey [54]
industrial customers in Ontario are now paying the highest electricity costs among all major
Canadian cities and facing some of the highest costs across North America [1]. This rising
electricity cost has placed large financial burden on Ontario’s businesses and is threatening
their competitiveness, particularly that of the manufacturing sector where electricity is a
major input cost [1]. The issue of rising electricity costs in Ontario is directly linked to
the policy choices of the provincial government, which includes aggressive promotion of
renewable sources, poorly structured long-term contracts, and phasing out of coal [1]. The
centrepiece of the Ontario’s Green Energy and Green Economy Act of May 2009 was a feed-
in tariff program designed to encourage investments in renewable energy sources. With this
program in place, the province began offering long-term guaranteed contracts at a fixed
purchase price, significantly above market electricity prices, to generators with renewable
sources. The fixed prices paid to these generators were recovered from two market-based
components know as Hourly Ontario Energy Prices (HOEP), and the Global Adjustment
(GA) [55]. The GA is a payment that makes up the difference between the wholesale price
(HOEP) and the fixed contract rates in relation to the renewable sources feed-in tariff
program, including the Ontario conservation costs, the expansion of gas capacity, and the
nuclear power refurbishment programs [55]. The GA therefore has an inverse relationship
with the HOEP and can be negative or positive depending on whether the HOEP for the
generators is higher or lower than the guaranteed fixed rates.
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Figure 2.6: Real commodity cost ($/MWh) 2005− 2018
The commodity portion is the largest of all components of electricity costs, accounting
for 62 percent of the total electricity cost in 2014 [1]. As can be seen from Figure 2.6, the
GA was a $20/MWh credit to electricity customers in 2005, but, it rose dramatically since
then to nearly $120/MWh in 2018. It can be observed also that the significant increase in
GA occurred while the HOEP decreased steadily over the same period, and becoming a
relatively small fraction of the commodity cost. It is therefore clear that the primary driver
of the rising electricity prices in Ontario is the GA and not the HOEP. The researchers
in [1] pointed out that not all of the increase in the GA (and by extension, in the cost of
electricity) is attributable to renewable sources, however, aggressive promotion of renewable
energies under the Feed-in-Tariff program has significantly impacted the electricity price
increase.
2.3.1.1 Global Adjustment [3]
The GA was established by the Ontario government in 2005 to cover the cost of providing
adequate generating capacity and conservation programs in the province. The allocation
of the GA cost between Class A (large industrial customers) and Class B (residential
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customers), are not even, rather they are charged different rates. Customers participating
in the ICI program are referred to as Class A. Their share of the GA costs are assessed
based on the percentage their consumption contributes to the top five system peaks during
the predetermined base period (May 1 - April 30), and their percentage of total GA costs
will be charged through the next billing period (July 1 - June 30). Figure 2.7 illustrates
the ICI cycle.
Figure 2.7: Industrial Conservation Initiative Cycle [55]
Table 2.2: Calculating GA charge - Example
Dates of 5cp Hour Ending Coincident Demand of
the Customer (MW)
Ontario Demand (MW)
July 29, 2015 17 10.063 23,023.71
August 17, 2015 17 6.969 22,835.44
July 27, 2015 17 9.484 22,892.24
September 3, 2015 18 9.692 22,323.28
July 28, 2015 14 6.278 22,860.23
Total 42.486 113,934.90
At the end of the base period, a peak demand factor (PDF) of the customer is de-
termined by dividing the sum of its load demand with the sum of Ontario’s system-wide
demand during the 5cp hours. The factor is used to multiply the total monthly Ontario
GA cost to obtain the customer’s monthly GA charge for the billing cycle. An illustration
of the calculation of a GA charge for a hypothetical Class A customer is shown in Table
2.2. From Table 2.2, the PDF of the customer is obtained as:
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PDF =
42.486
113934.900
= 0.00037290
For a system-wide GA cost of $1,208,819,619 in July 2016, the customer’s GA charge
during July 2016 would be 0.00037290× $1, 208, 819, 619 = $450, 768.8359.
All electricity ratepayers in the province of Ontario pay the GA, even if it is not stated
on the bill. For the residential and small commercial customers, the GA is embedded in
their Time-of-use and Tiered Tariffs which is determined by the Ontario Energy Board [3].
2.4 Summary
Background studies on ESS, their components, classification, applications and benefits were
presented in this chapter. Ontario electricity rate structure was analyzed and discussions
on GA, which constitutes the major driver for the rising cost of electricity in Ontario
were presented. An overview of CAES system, detailing the subsystems and their working
principles was presented.
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Chapter 3
Optimal Operation of SS-CAES
Systems for Customer Load
Management
This chapter examines the impact of a SS-CAES facility installed behind-the-meter of an
industrial customer. In particular, its role in the load management of the facility vis-a-vis
its contribution to the customer’s electricity cost reduction is analyzed.
3.1 Framework
The objective of the proposed SS-CAES system operation model is to minimize the elec-
tricity cost and the CAES system operation cost incurred by the industrial customer. Thus
an optimization problem is formulated considering a given capacity of SS-CAES, and the
decision variables are the charging/discharging decisions of the SS-CAES and energy pur-
chase/consumption schedules of the customer, over a given time horizon. The flowchart in
Figure 3.1 summarizes the modeling framework to achieve the load reduction for electricity
cost saving in an industrial facility using behind-the-meter SS-CAES.
The total base-case cost of the industrial customer comprises the energy cost (EnC)
and the GA charge (GAC), which is estimated using the customer’s load data, the HOEP
and Ontario’s monthly GA obtained from IESO website [3]. It is considered that CAES is
deployed to shave the demand during the 5cp hours and also to reduce the hourly energy
drawn from the grid. Different sets of power and energy ratings of the SS-CAES are
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Figure 3.1: Proposed optimization process flow diagram.
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considered. A pair of power and energy rating of SS-CAES is considered a feasible set
if the total cost of the industrial customer with CAES (TCCAES) is lower than its total
cost without CAES (TCNoCAES). The obtained savings for each set of feasible SS-CAES
ratings are recorded for economic evaluation and sensitivity analysis.
3.2 Mathematical Model
3.2.1 Objective Function
This section presents the objective function of a Class A customer without and with a
CAES plant installed in its facility to reduce its GAC, EnC and CAES operation and
maintenance O&M cost (SV OMC and SFOMC) and these constitute the total costs
(TC) of the facility.
The total cost of the customer without the CAES installation is given as follows:
TCNoCAES = EnCNoCAES + GACNoCAES (3.1)
where the EnCNoCAES is the cost of energy consumed by the customer at each time interval
at the corresponding energy price and is given as follows:
EnCNoCAES =
365∑
d=1
24∑
h=1
PDd,hEpd,h (3.2)
The component GACNoCAES is determined from the customer’s contribution to the top
five Ontario peak load hours, and can be expressed as:
GACNoCAES =
5∑
5cp=1
PDd,h
ONDd,h
12∑
m=1
TOMGACm (3.3)
In (3.2) and (3.3), PDd,h is the power demand of the customer at hour h of day d to meet
its energy demand; Epd,h is the corresponding hourly energy price, which is assumed same
as the HOEP; ONDd,h represents the total Ontario system wide demand at the 5cp hours;
and TOMGACm is the monthly Ontario-wide total GA costs and it varies from month to
month depending on whether the HOEP increased or decreased, as these two are inversely
related [3]. The first term of (3.3) denotes the customer’s PDF obtained from its load
contribution to the Ontario 5cp during the 12 month base period (May 1 to April 30) and
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is applied in the billing period (July 1 to June 30) to determine the customer’s monthly
GAC.
To determine the impact of deploying CAES on the total annual electricity bill savings,
the total annual cost of the industrial customer can be defined as:
TCCAES = EnCCAES +GACCAES + SV OMC + SFOMC (3.4)
where:
EnCCAES =
365∑
d=1
24∑
h=1
Pgridd,hEpd,h (3.5)
GACCAES =
5∑
5cp=1
Pgridd,h
ONDd,h
12∑
m=1
TOMGACm (3.6)
SV OMC =
365∑
d=1
24∑
h=1
(V OMCcompP
Ch
d,h + V OMCexpP
DCh
d,h ) (3.7)
SFOMC = CAPEX(FOMC) (3.8)
In (3.5) and (3.6), Pgridd,h is the power drawn by the customer from the grid to meet its
energy demand and charge the CAES system when necessary, since the CAES facility is
behind the customer’s meter, as illustrated in Figure 3.2.
The SV OMC component comprises only the variable O&M cost during charging and
discharging operation of the CAES. Another important cost metric considered for the
economic analysis of a CAES project is the annual fixed O&M cost per year (SFOMC).
According to consultations with industry partners, a good general starting point for the
(FOMC) is 1-1.5% of the capital cost (CAPEX). For the current work, the FOMC of
the CAES project is considered to be 1.5% of the CAPEX.
The objective of the model is to minimize the total annual electricity charges and
CAES operating costs while satisfying the facility’s constraints. The is formulated as an
optimization problem, and the energy output of the CAES unit for each time interval
are the decision variables, as discussed next. The total annual cost reduction of the cus-
tomer from using CAES to reduce demand from the grid are recorded as savings and are
determined as follows:
Savings = TCNoCAES − TCCAES (3.9)
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Figure 3.2: Schematic diagram of the facility load and CAES.
3.2.2 Model Constraints
3.2.2.1 Demand-Supply Balance
At each time interval, the customer’s load is met by the power from the grid supply and
the power discharged from the CAES, as follows:
Pgridd,h − PChd,h + PDChd,h = PDd,h ∀ d,h (3.10)
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Pgridd,h ≤ Pgridmax ∀ d,h (3.11)
Note that when the SS-CAES system operates in charging mode, it appears as an additional
load of the customer. Equation (3.11) represents the grid supply constraint, which is
typically governed by the substation transformer capacity.
3.2.2.2 SS-CAES Capacity Constraints
The operation of the SS-CAES facility is governed by the operation of its input and output
systems and the storage reservoir.
CAES Power Capacity
The charging power drawn by the SS-CAES is limited by the compressor minimum and
maximum limits (in MW) as follows:
PmincompU
Ch
d,h ≤ PChd,h ≤ Pmaxcomp ∀ d,h (3.12)
Similarly, the power discharged by the CAES facility is constrained by the minimum and
maximum limits of the expander as follows:
Pminexp U
DCh
d,h ≤ PDChd,h ≤ Pmaxexp ∀ d,h (3.13)
CAES Energy Capacity
The energy stored or discharged at each time interval is limited by the allowable state-of-
charge (SOC) limits of the CAES, as follows:
Emin ≤ Ed,h ≤ Emax ∀ d,h (3.14)
where Emind,h is set to zero, which is different than a BES, while E
max
d,h is the maximum
energy capacity of the cavern. The initial SOC of the CAES is assumed to be 50% of the
installed CAES energy capacity, i.e.:
Ed,h = 0.5E
max d = 1, h = 1 (3.15)
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CAES Energy Balance
The amount of compressed air in the storage is considered in terms of the electrical output
energy (i.e., the energy is stored as MWh of electricity rather than compressed air volume
and pressure). Of the amount of electricity being drawn in the compression mode, only a
fraction of it, depending on the efficiency of the compressor (ηcomp), is stored as mechanical
energy. Figure 3.3 illustrates the energy balance of the CAES cavern, where the energy
released from the cavern is a fraction of the efficiency of the expander (ηexp). Assuming
that the energy loss in the cavern is negligible, the equivalent amount of the energy stored
in the CAES unit at the end of each time interval is given as follows:
Ed,h = Ed,h−1 + PChd,h ηcomp −
PDChd,h
ηexp
∀ d,h (3.16)
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Figure 3.3: Energy balance of the CAES reservoir [53]
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Coordination of Charging and Discharging
There is a need to ensure that the charging and discharging of the CAES system does not
occur simultaneously, except when the design of the CAES plant allows the compressor
and the generator operations to be decoupled. Accordingly, it is assumed here that:
UChd,h + U
DCh
d,h = 1 ∀ d,h (3.17)
Annual Maintenance Provision
The CAES should be scheduled for annual maintenance, and thus, a downtime constraint
is imposed on the CAES unit to account for the scheduled maintenance as follows:
365∑
d=1
24∑
h=1
(UChd,h + U
DCh
d,h ) ≤ 8760(1−MDT ) (3.18)
where MDT is the minimum downtime in percentage of hours in a year.
The proposed model given by (3.1) to (3.8) and (3.10) to (3.18) is an MILP problem
and is implemented in the General Algebraic Modeling System (GAMS) [56], a high-level
modeling system for solving mathematical programming problems. The CPLEX 12.5 solver
included in GAMS is used to solve the proposed MILP optimization problem.
3.3 Results and Analysis
The aforementioned model is applied to a load profile of a real Class A customer in Ontario,
to determine the possible cost reduction resulting from deploying an SS-CAES system at
the customer’s facility to reduce the load demand and energy drawn from the grid. As
discussed in the previous chapter, the reduction in the facility’s demand using CAES will
not change its GAC for the current month; for example, a load demand reduction in June
of 2017 will reflect in the GAC for June 2019. Therefore, to capture the overall impacts
of CAES in details, the electricity charges for the complete ICI cycle is considered. Thus,
in the base period, the PDF of the customer is determined and applied in the adjustment
period to determine the monthly GAC of the customer.
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3.3.1 Input Data
3.3.1.1 Electricity Prices
The following data made available by IESO [3] are used for the present studies:
• HOEP from May 1, 2015 to June 30, 2017
• Monthly GA charges from July 2015 to June 2017
Figure 3.4 presents a sample of a one-week HOEP in Ontario. The wholesale energy price
takes negative values in some hours, which implies that a CAES can harness these low-cost
energy for use at high-cost peak hours.
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Figure 3.4: Sample of one week HOEP.
The GAC for the base period is fixed and EnC is obtained using the HOEP and the
energy demand of the customer. The CAES is dispatched to reduce the facility’s demand
during the 5cp hours, and the power demand at these hours are used to determine the
customer’s PDF. In the adjustment or billing cycle, the PDF is used to multiply the
TOMGACm to obtain the monthly GAC of the customer as a result of CAES deployment.
Equation (3.4) which captures the total annual electricity cost of the customer, is minimized
in the optimization model.
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3.3.1.2 Demand Profiles
The typical daily load profile of a class A customer is shown in Figure 3.5, while Figure 3.6
shows annual load duration curve of the same facility. The peak demand of the customer
is 14.27 MW, as can be seen from Figure 3.6; however, this peak demand occurred for less
than 2% of the hours in the year. Furthermore, note that only about 10% of the hours,
the facility demand was more than 11 MW. This observation is vital to avoid over sizing
the CAES, which will increase the investment cost.
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Figure 3.5: Demand profile the industrial customer.
Figure 3.7 captures the daily load profile of the facility on the 5cp days of the base
period (May 2015 - April 2016), and the bar charts denotes the percentage of occurrence
of 5cp at each hour from 2011 to 2017. Observe that approximately 70% of the time, the
system peak occurred at hours 16 or 17, and the customer’s load also peaked at these hours.
Hence, it can be inferred that these are very critical operation hours for the facility and
load curtailing may not be preferred; thus, ESS is the most suitable strategy to manage
their load under this circumstance.
3.3.1.3 SS-CAES Parameters and Assumptions
Table 3.1 presents the parameter of the SS-CAES system used for this study. Different sizes
of CAES were considered at an increment of 1 MW up to 10MW, based on the facility’s
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Figure 3.6: Annual load duration curve of the industrial customer.
Compass Mineral Typical Load Profile on 5CP Days
3%
9%
3%
26%
43%
9%
3%
6%
0%
5%
10%
15%
20%
25%
30%
35%
40%
45%
50%
0
2
4
6
8
10
12
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
5
cp
 c
o
u
n
t 
in
 %
L
o
a
d
 (
M
W
)
Time (hour)
5cp Aug.10 Sept.7 Aug.11 July.13 Aug.12
Figure 3.7: Customer’s load profile at the 5cp hours between May 2016 to April 2017 and
5cp % occurrence between 2011 and 2017.
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Table 3.1: Parameters of the CAES System [7,57]
Parameters Values Units
Pmaxexp 1 to 10 MW
Pmaxcomp 1 to 10 MW
Pminexp 20% of P
max
exp MW
Pmincomp 20% of P
max
comp MW
CAPEX 1500 to 3000 $/kW
FOMC 5% of CAPEX $/kW-year
V OMCcomp 7.06328 $/MWh
V OMCexp 7.06328 $/MWh
Emax 2 to 20 MWh
Emin 0 MWh
MDT 5% of total hours in a year
ηcomp 0.8 -
ηexp 0.8 -
peak load, and for various discharge hours, depending on the power capacity to study the
impact of energy capacity. The 5cp days and hours are known apriori and the customer’s
load is considered fixed for the planning horizon. For the sake of simplicity, the compressor
power and generator power ratings are the same. The O&M cost is taken from [57], and
the efficiency of the CAES plant are obtained from [7].
Other assumptions made in the present research work are:
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• The industrial customer has empty wells/caverns that can be re-purposed for air
storage.
• The technology considered is the AA-CAES (fuel-free).
• The unit capital cost of the CAES facility is in $/kW.
• Although the CAES facility can be used to provide multiple ancillary services to
increase the investor’s revenue, in the current work, only load management services
are considered.
• The thermodynamic characteristics of AA-CAES technology were not explicitly in-
cluded in the model.
Table 3.2: Cost Reduction for Different CAES Sizes
CAES Sizes GAC
($)
EnC
($)
SV OMC
($)
SFOMC
($)
TC
($)
Savings
($)
0 6,671,682 1,053,483 0 0 7,730,165 0
1MW/2MWh 6,671,682 1,058,483 0 0 7,730,165 0
2MW/4MWh 5,662,064 989,084 18,274 90,000 6,669,424 970,743
3MW/6MWh 5,157,255 954,426 27,380 106,875 6,245,937 1,484,228
4MW/8MWh 4,652,446 920,447 36,354 123,750 5,732,999 1,997,166
5MW/10MWh 4,147,637 888,610 45,125 140,625 5,221,998 2,508,166
6MW/12MWh 3,642,828 859,172 53,561 157,500 4,713,062 3,017,103
7MW/14MWh 3,138,019 832,923 61,594 174,375 4,206,912 3,523,252
8MW/16MWh 2,633,210 809,065 69,137 191,250 3,702,663 4,027,501
9MW/18MWh 2128401 788,106 76,350 208,125 3,200,983 4,529,182
10MW/20MWh 1,623,592 769,301 83,353 225,000 2,701,246 5,028,919
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3.3.2 Results
The results shown in Table 3.2 indicates that the Class A customer could save up to a
minimum of $970,742 in electricity cost per year for a CAES size of 2 MW/4 MWh, with
increasing savings as the size increases. In Figure 3.8, a 1-week dispatch of the CAES
operation model is illustrated. Note that the CAES system is able to respond to changing
electricity prices, charging at low prices and discharging during high price hours.
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Figure 3.8: One week operation of the CAES dispatch model.
To further understand the impact of the energy capacity of the CAES plant on the
cost reduction, a fixed discharge power capacity is considered while increasing the energy
capacity, and the results are shown in Figure 3.9. Observe that the energy capacity does
not play a significant role in the cost savings; for example, doubling the energy capacity
of the CAES, only increased the savings by 1.13% annually. This is because the cost
savings are primarily dependent on the GAC reduction, which depends on th CAES power
discharge rating.
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Figure 3.9: Impact of CAES energy capacity on cost reduction.
3.4 Summary
In this chapter, an operational model of CAES was presented with the objective of mini-
mizing customers’ electricity costs. The resulting MILP model was solved in GAMS using
different sizes of CAES. The results showed that CAES sited behind-the-meter is a viable
option for a real customer participating in the ICI program to reduce its electricity costs;
however, determining the feasible sizes requires an economic analysis taking into account
the capital cost to determine if the investment is worth it, as discussed in the next chapter.
The cost reduction is achieved by reducing the demand charges, which are dependent on
the GA, and the energy costs, which are dependent on the amount of power drawn from
the grid.
Note that the operation model developed in this work is generic to energy storage
systems operation, and can be used to study how other energy storage technologies like
BES compares with SS-CAES in the context of customer’s load management.
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Chapter 4
Economic Analysis of CAES Facility
This chapter examines the economic feasibility and risks over the long-term of a SS-CAES
plant installed at a customer’s facility for load management applications. Different CAES
sizes, electricity prices, CAES unit costs, and life cycle times are considered for sensitivity
analysis to evaluate how the revenue of the investor would be impacted by the changes.
4.1 Economic Analysis
The annual savings in electricity cost accrued from the installation of an SS-CAES system
to shave the facility’s load demand is given as follows:
Sy = TC
NoCAES
y − TCCAESy (4.1)
where Sy is the annual savings of the facility. The internal rate of return (IRR) for the
investment in CAES system can be obtained by solving the following equation [58]:
N∑
y=1
Sy
(1 + IRR)N
− CAPEX = 0 (4.2)
where N is the CAES project life in years and CAPEX is the initial capital cost of the
SS-CAES system.
In practice, when planning investment projects, companies often set a minimum accept-
able rate of return (MARR) to determine the minimum acceptable IRR of the investment
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to be worthwhile. Technically, any project with an IRR that exceeds the MARR is deemed
a profitable one [58]. MARR vary from project to project and depends on different factors
such as project risk, investment opportunities, and limits on available capital [58]. A 10%
MARR is considered for low risk investments [59]; therefore, a moderate 14% MARR is
considered for the project analyzed in this work.
4.1.1 Basic Analysis
To gain an insight into the economic value of deploying behind-the-meter SS-CAES to
manage the load of a Class A customer in Ontario, a simplified basic economic analysis is
performed first. Thus, as noted in the previous chapter, the customer’s maximum demand
is 14.27 MW. However, from their detailed metered data, only 3% of the time did their
load exceed 12 MW in a year, which is also validated by their average monthly peak
demands of 12.49 MW, as per Table 4.1. In view of this, to avoid oversizing the CAES
unit, the customer’s demand for the 5cp hours is assumed fixed at 12 MW for a basic
economic analysis. Hence, for different targeted percentage load reduction, appropriate
sizes of CAES facility can be considered as follows:
• Power rating varying from 2 MW to 10 MW, with 1 MW step size.
• Energy rating correspondingly varying from 4 MWh to 20 MWh, with 2 MWh step
size.
The capital cost of the CAES project varies depending on scale, mode of storage medium
and location [7]. The range of unit capital costs considered in this research is adopted from
Hydrostor’s AA-CAES project as 1,500 to 3,000 $/kW [7], which reflects all costs of a CAES
system. Hence, the upper value of the cost is considered here for the lower range CAES
capacity (2 MW), and the lower cost value for the higher CAES size (10 MW). Assuming
a linear relationship between CAPEX and the CAES unit size, the intermediate costs can
be estimated as shown in Figure 4.1 and tabulated in Table 4.2.
In this basic analysis, only the GAC is considered, since this is the major driver of
behind-the-meter SS-CAES applications; thus, the energy cost are not considered here.
Therefore, based on above discussed input data, the IRR for different CAES sizes and
project life times can be evaluated, yielding the results depicted in Figure 4.2.
Note that CAES systems with higher power ratings, even for shorter project life cycles,
yield a high IRR. Observe that, a nominal 2 MW CAES system with a project life of
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Table 4.1: Monthly Peak Demand of the Industrial Customer
Month Peak Demand(MW)
May-16 11.266
Jun-16 11.527
Jul-16 12.112
Aug-16 11.914
Sep-16 12.379
Oct-16 12.698
Nov-16 13.094
Dec-16 12.238
Jan-17 13.132
Feb-17 14.321
Mar-17 12.208
Apr-17 12.988
Average 12.490
Table 4.2: CAES CAPEX Estimated
CAES SIZE (MW) CAPEX ($)
2 6,000,000
3 7,125,000
4 8,250,000
5 9,375,000
6 10,500,000
7 11,625,000
8 12,750,000
9 13,875,000
10 15,000,000
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Figure 4.1: Linear plot to estimate intermediate CAES unit cost
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Figure 4.2: IRR results obtained from basic economic analysis.
30 years has an IRR of 15%, which can be considered to be an acceptable proposition.
The linearly increasing trend of the IRR from lower CAES ratings to higher ones can be
associated with the corresponding assumption of linear capital cost variation with size.
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Since only the GAC is considered, the results obtained from this basic analysis provides
insight into the lower bound of the expected profit margin for behind-the-meter SS-CAES.
4.1.2 Detailed Economic Analysis
A detailed economic analysis is necessary to capture the variability in the facility’s load
profile, which is possible by simulation of the optimal operation of the SS-CAES for different
unit sizes and life cycles discussed in Chapter 3. The IRR relations presented in (4.1) and
(4.2) also apply here.
The base case results are shown in Figure 4.3. In this case, the EnC has been accounted
for, which was ignored in the basic analysis. Accordingly, the cost savings from SS-CAES
and hence the IRRs obtained from the detailed analysis are higher. Observe that a CAES
system of 2 MW/4 MWh capacity, even for a low plant life of 25 years, achieved an IRR
greater than 15%. This signifies that the industrial customer could save significantly with
an SS-CAES at the current electricity rate structure.
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Figure 4.3: IRR results of the detailed economic analysis
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4.2 Sensitivity Analysis
From the basic and detailed analyses performed, it can be observed that the IRRs for
behind-the-meter SS-CAES are affected by factors such as the capacity of the CAES sys-
tem. Also, since SS-CAES projects are at the development stage, economic uncertainties
are relatively high, and therefore, it is necessary to perform a sensitivity analysis to un-
derstand the significance of the various parameters affecting CAES investment viability.
4.2.1 Sensitivity to CAES Capacity
In Chapter 3, the energy capacity of a 5 MW CAES system was varied over a range of
10 - 30 MWh to gain insight on how the cost reduction was impacted by the size of the
storage medium. Figure 3.9 showed that doubling the energy size only resulted in less than
1.1% savings in the electricity cost, because the CAES facility was only in operation for
5cp hours to capture the peak demand. Furthermore, from the detailed economic analysis
of Section 4.1.2, it is noted that the IRRs are significantly dependent on the CAES power
capacity. Hence, it can be deduced that the power capacity of the CAES has a higher
impact on the customer’s load profile in Ontario than its energy capacity. Accordingly,
for subsequent studies, only the power capacity of the CAES is varied for 2 hours fixed
discharge duration.
4.2.2 Sensitivity to GA
As stated earlier, GA is the major driver of the rising cost of electricity for C&I customers
in Ontario. Furthermore, the previous results of both the basic and detailed economic
analysis showed a reasonable IRR even for a CAES system with a lower capacity and cycle
life. Hence, sensitivity studies are carried out by considering a reduction in the GAC, in
steps of 5% from the nominal, and the results are shown in Figures 4.4 to 4.8. Note that
even for a 10% reduction in GAC, the IRRs of all the considered CAES sizes and life cycles
are above 14%. For a 15% reduction in GAC, 2 MW/4 MWh SS-CAES system in all the
years considered yields an IRR less that 14%. Furthermore, note that for CAES capacities
of 3 MW and above, for all life cycles considered, the IRRs are all above 15%. For a 20%
GAC reduction, a 3 MW/6 MWh CAES facility with a 20-year life cycle and above yield
an IRR of above 15% and facilities with sizes beyond 5 MW/10 MWh for all life cycles,
yielded IRRs greater than 15%. For a possible 25% reduction in the GAC, the investor
must consider CAES capacities of 4 MW and above to achieve an IRR of 15%. Hence, it
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Figure 4.4: IRR results for 5% reduction in GAC
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Figure 4.5: IRR Results for 10% reduction in GAC
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can be concluded that as the GA is reduced or phased out, the investment in SS-CAES
becomes less attractive for smaller-size CAES capacities.
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Figure 4.6: IRR results for 15% reduction in GAC
4.2.3 Sensitivity to CAES Capital Cost
There are uncertainties surrounding the capital cost of SS-CAES unit due to the limited
number of such projects in existence, and the uniqueness of each project possible design.
In the current research work, it is assumed that the customer has an existing well/cavern
which can be re-purposed for air storage, which could significantly reduce the capital cost
of the CAES project [7]. Most of the available data on CAES unit cost are specifically
for large-scale CAES projects; hence taking into account economies of scale, smaller sized
CAES systems can be expected to have a higher unit cost. To account for cost uncertainties,
the CAES unit cost is varied here by +$500/kW from the cost in Table 4.2.
As can be seen from the results presented in Figures 4.9 to 4.12, the IRRs linearly
decrease as the unit capital cost of the CAES increases. Again, depending on the company’s
MARR, 3 MW/6 MWh CAES capacity and above can be considered to be economically
attractive if the unit cost is below the 2,000 - 3,500 $/kW range. For a unit cost range of
2,500 - 4,000 $/kW, the investor would need a CAES of 5 MW/10 MWh and above for
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Figure 4.7: IRR results for 20% reduction in GAC
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Figure 4.8: IRR results for 25% reduction in GAC
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Figure 4.9: Result of CAPEX increases in the range of 2,000-3500 $/kW
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Figure 4.10: Result of CAPEX increases in the range of 2,500-4,000 $/kW
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Figure 4.11: Result of CAPEX increases in the range of 3,000-4,500 $/kW
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Figure 4.12: Result of CAPEX increases in the range of 3,500-5,000 $/kW.
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reasonable IRRs from the SS-CAES project. For a 3,000 - 4,500 $/kW unit cost range,
investment in the SS-CAES makes economic sense when the system capacity exceeds 6
MW/12 MWh to attain an IRR of 14%. The IRRs for a unit cost range of 3,500 - 5,000
$/kW in all the different CAES capacities and life cycles considered have IRRs of less than
14%, which is not attractive.
4.3 Comparison with BES
An economic comparison of two different storage technologies is difficult because of the
unique characteristics of each technology. Another hurdle is obtaining CAPEX costs for
each technology, since this information is considered confidential among suppliers and
integrators [60].
The model developed in this work can be used to evaluate the economic viability of
behind-the-meter BES with just an additional constraint to account for the maximum
allowable depth of discharge (DoD), which is ignored for the CAES model since the CAES
facility can discharge its full capacity. To prolong the life of the BES, the maximum DoD
of the battery is usually set to be less than 100%, in most cases, between 50% to 90%
depending on application [61]. The maximum discharge power from the BES is therefore
limited by its DoD which reduces the amount of power the BES can shave at a given
time. Since the realizable reduction in GA is dependent on the maximum discharge power
capacity of the storage, the limit imposed by the BES DoD will shrink the savings from
such investments. On the other hand, since CAES can utilize the full range of charge on
the system more cost reduction for the customer can be expected.
A unit capital cost range of $1500/kW - $3000/kW [7] is considered for CAES in the
present work, whereas the unit capital cost of BES depending on the battery technology
ranges from $1500/kW to $4000/kW [7, 61]. Thus, CAES can be considered a low cost
technology when compared with BES particularly where existing infrastructure such as a
cavern can be repurposed.
CAES has unlimited cycle stability and can be discharged from 100% to 0% without
compromising the longevity of the system [7, 61]. On the other hand, BES suffers from
degradation, and when constantly cycled the lifespan is reduced, which has a negative
impact on the economics of the project. As can be observed from the IRR results of the
SS-CAES economic analysis, projects with longer lifespan achieved higher IRR values. The
lifetime of CAES systemS given by most authors and technology developers is between 25
to 40 years; BES technologies, on the other hand, have a relatively limited lifetime, with
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manufacturers claiming 8 to 15 years of operating life for the popular Li-Ion battery;
however, this figure varies significantly with battery usage [61].
Another added advantage of CAES over BES is that it can be designed to charge and
discharge simultaneously. Although this is not considered is the present work, it would
increase the customer’s return on CAES investment, as the owner would have the flexibility
to use the CAES facility for multiple services at the same time.
In conclusion, CAES technology presents advantages over BES for customer’s load
management where high discharge power is required from the storage unit to defray the
high-peak power prices. In addition, the longer life cycle and unlimited cycling capability
of CAES is advantageous with respect to BES systems.
4.4 Summary
This chapter examined the economic valuation of behind-the-meter SS-CAES systems on
an industrial customer’s facility for load management, using the historical load data of a
real Class A customer participating in the ICI program.
First, a simplified basic analysis was carried out to gain insight into the possible lower
bound of achievable IRR, and the results showed a close similarity with the detailed eco-
nomic analysis. Sensitivity analyses were then carried out to estimate the effects of CAES
capacity, GAC, and CAPEX on the economics of behind-the-meter SS-CAES systems for
customer load management, concluding that the driving factors for the economic viability
were the GAC and the CAPEX of the CAES system.
A comparison on the economics of CAES versus BES for customer’s load management
is discussed as well and CAES presents more advantages than BES for electricity cost
reduction of an industrial customer.
It can be concluded that SS-CAES for load management applications to reduce elec-
tricity costs is economically attractive in the current Ontario market structure. However,
depending on the company’s MARR and budget constraints, plus the facility’s demand
profile, SS-CAES with higher capacity yielded better economic values in all the cases con-
sidered.
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Chapter 5
Conclusions, Contributions and
Future Work
5.1 Summary and Conclusions
ESS has been identified as one of the viable solutions to managing the load of C&I cus-
tomers to keep electricity costs at a minimum. The research presented in this thesis fo-
cused on the optimal operation and economic analysis of using behind-the-meter SS-CAES
to manage the load of an industrial customer in Ontario that is participating in the ICI
program. The customer has been assumed to have abandoned wells/caverns that can be
re-purposed for air storage.
In Chapter 1, the motivations of this research, a brief review of the literature related to
CAES applications and customer’s load management schemes, together with the research
objectives were presented. In Chapter 2, background material relevant for the development
of the research work was presented. Thus, an overview of ESS technologies, focusing on
their classification and applications at different levels in power systems was presented. A
review of CAES systems was given, outlining the basic components, operating principles,
types and potential use cases. Finally, the electricity pricing structure in Ontario was
presented with a focus on the Class A customers, including the GA which is the major
driver for the increasing electricity costs in the province.
In Chapter 3, an operations model of SS-CAES to manage the customer’s load during
the system peak hours, was formulated as an optimization problem. The one-year hourly
load data of a real industrial customer participating in the ICI program, and the HOEP
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data obtained from the IESO website, alongside CAES performance parameters obtained
from different related research works, constituted the input parameters into the model.
The results of the developed MILP model, which was solved using CPLEX in GAMS, were
presented and discussed.
In Chapter 4, the financial plausibility of behind-the-meter SS-CAES for a facility
load management was investigated through an economic analysis taking into account the
investment cost of behind-the-meter SS-CAES. Simplified basic analysis alongside detailed
analysis were carried out for different CAES sizes and life cycles. The effects of some
parameters that can influence a behind-the-meter SS-CAES investment were evaluated
through a sensitivity analysis, and the IRR results were presented and discussed.
The main conclusions and findings of this thesis are as follows:
• SS-CAES installed behind-the-meter on the facility’s premise for reducing the elec-
tricity cost of the customer provides a viable economical solution for the current
Ontario’s electricity market structure, or jurisdiction with similar high capacity costs.
• A larger discharge power capacity (kW) of the SS-CAES makes more economic sense
than energy capacity (kWh) since the GAC of such customers are based on their load
contribution during the top peak hours. Furthermore, the customer should consider
cost reductions with higher capacity due to economies of scale to make investment
decisions.
• In the current Ontario’s electricity rate structure, the costs of the CAES project and
GA are the most influential parameters for economic deployment of SS-CAES, as
observed from the sensitivity analysis.
5.2 Contributions
The following are the contributions of the presented research work:
• Developed and validated a mathematical model to manage the operation of a cus-
tomer’s facility equipped with a behind-the-meter SS-CAES. The proposed optimiza-
tion model determined the minimum electricity costs, the SS-CAES energy output,
and the corresponding charging and discharging decisions for the facility.
• Performed simplified and detailed economic analysis of different SS-CAES sizes to
determine the SS-CAES capacity that yield reasonable IRRs.
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• Performed a sensitivity analysis of the interactions between financial viability of
behind-the-meter SS-CAES project, identifying key parameters that would influence
the investor’s decisions.
5.3 Future Work
Based on the research work presented in this thesis, the following research subjects would
be worthwhile:
• In the presented research work, a fixed parameter model is used which takes no ac-
count of the thermodynamic characteristics of CAES, and therefore the profit may
have been over-estimated. An investigation on the effect of the system thermody-
namics on the economics of behind-the-meter SS-CAES and comparison with fixed
parameters model would be of interest.
• A perfect foresight of the occurrence time of the Ontario 5cp hours is assumed in this
work, but in reality, predicting the system peak hours is challenging and it may worth
the effort to incorporate a prediction model in the economic analysis to improve the
performance of the method proposed in this research.
• Aside the direct load management of the investor’s load to reduce electricity costs, a
behind-the-meter SS-CAES can provide other benefits to the investor such as aiding
the integration of renewable sources and increasing the self-consumption of on-site
renewable generation, getting revenue from arbitrage, and participating in capacity
market alongside demand response. Hence, a techno-economic analysis of “stacked
services” using SS-CAES would be worthwhile, considering that the investor could
size up the CAES capacity to increase overall revenue.
• In the wake of the current reforms in the Ontario electricity market design, it would
be interesting to investigate the impact this will have on the GA and thus the invest-
ments in behind-the-meter SS-CAES.
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